INTRODUCTION
The increased cost of beef production, due largely to feed cost (USDA ERS, 2013), makes feed efficiency (Fe) improvement paramount for the sustainability of the industry. Although FE can vary between individu als, the sources of variation are not well understood. Mitochondria consume 90% of cells' oxygen (Mao et al., 2011) aBSTRaCT: Feed efficiency (FE) can vary between individuals but sources of variation are not well char acterized. Oxidative stress is among the biological mechanisms believed to contribute to variation. The objective of this study was to evaluate the relationship between FE, antioxidant activity, and oxidative stress in feedlot steers representing phenotypic extremes for FE. Crossbred beef steers (n = 181) fed 70d growing phase (GP) wholeshell corn-based (GCorn) or rye baleage and soybean hull-based (GRough) diets in GrowSafe bunks at the University of Missouri were shipped to Iowa State University where the 12 most feed efficient (HFE) and 12 least feed efficient (LFE) steers from each diet (n = 48; 467 kg [SD 51]) were selected for evalu ation. Steers received diets similar to GP diets, and 3 d after arrival, blood was sampled to evaluate antioxi dant activity and oxidative stress markers for the GP following transit. Steers were transitioned to finishing phase (FP) cracked cornbased (FCorn) or dried distill ers' grains and soybean hull-based (FByp) diets, and on FP d 97, blood samples for the FP were collected. Data for the GP were analyzed as a 2 × 2 factorial, and data for the FP were analyzed as a 2 × 2 × 2 factorial using PROC MIXED of SAS. No GP diet × FP diet, FP diet × FE group, or 3way interactions were noted (P ≥ 0.11) for FP measures. Steers fed the G-Rough diet had greater (P = 0.04) GP plasma protein carbonyl con centrations. During the GP, HFE steers had greater (P ≤ 0.04) protein carbonyl and ratio of oxidized:reduced blood lysate glutathione concentrations than LFE steers. There were GP diet × FE group interactions (P ≤ 0.03) during the GP and FP. During the GP, total blood lysate superoxide dismutase (SOD) activity was greater (P ≤ 0.03) in G-Rough/LFE steers than in G-Rough/ HFE and GCorn/LFE steers; GCorn/HFE steers were intermediate. The GRough/LFE steers had greater (P < 0.04) glutathione peroxidase (GPX) activity than other groups and greater (P = 0.03) plasma malondialdehyde concentrations than GCorn/LFE steers. During the FP, the GRough/LFE steers had greater (P ≤ 0.04) GPX activity than GRough/HFE and GCorn/LFE steers; GCorn/HFE steers were intermediate. The FByp diet had greater (P < 0.01) protein carbonyl than the FCorn diet, and no other FP diet effects were noted (P ≥ 0.3) for any FP measures. The GP diet and FE groups had stronger relationships with antioxidant activity and oxi dative stress markers measured for the GP than for the FP. Overall, antioxidant activity may play a role in FE as LFE steers, driven largely by GRough/LFE steers, had greater SOD activity and GPX activity than HFE steers, potentially using a greater proportion of energy otherwise available for tissue accretion. transport chain may reduce up to 2 to 4% of this oxy gen to reactive oxygen species (ROS; Bottje et al., 2006) . Oxidative stress occurs once ROS and other free radicals exceed the detoxification or antioxidant capacity of a system (Chirase et al., 2004) . Mitochondrial inefficiency and oxidative stress are among the physiological mecha nisms believed to contribute to FE variation between in dividuals (Bottje and Carstens, 2009) . Oxidative stress can decrease energetic efficiency as oxidation end prod ucts such as malondialdehyde (mDa) from lipid peroxi dation (Del Rio et al., 2005) and protein carbonyls from protein oxidation (DalleDonne et al., 2003) must be degraded by processes such as the ATPdependent ubiq uitin system (Mehlhase and Grune, 2002) . Previous in vestigations into the FE and oxidative stress relationship have focused primarily on electron transport chain inef ficiency and proton leak, noting greater hydrogen perox ide (H 2 O 2 ) production in inefficient individuals (Bottje et al., 2002; Grubbs et al., 2013) . Superoxide dismutas es (SOD) are responsible for reducing ROS to H 2 O 2 (Weisiger and Fridovich, 1973) , and glutathione peroxi dase (GpX) serves to further reduce H 2 O 2 to H 2 O via the oxidation of glutathione (Nordberg and Arner, 2001 ). Yet limited work has evaluated the relationship between antioxidant activity and FE. Therefore, the objective was to evaluate the relationship between FE, antioxidant ac tivity, and oxidative stress in feedlot steers representing phenotypic extremes for FE. The hypothesis was that oxidative stress markers and therefore antioxidant activ ity would be greater in steers with greater FE.
maTeRIalS aND meTHODS

Growing Phase
All procedures and protocols were approved by the Iowa State University animal care and use committee (1117059B). One hundred eightyone crossbred beef steers (288 kg [SD 37]; 76% had black hides) of un known age and origin were purchased from sale barns in southern Missouri. Steers were fed growing phase diets and DMI, ADG, and FE were determined at the University of Missouri (Columbia, MO). Each steer received an electronic identification tag (Allflex US Inc., DallasFort Worth Airport, TX) to facilitate indi vidual intake measurement using a GrowSafe System (GrowSafe Systems Ltd., Airdrie, AB, Canada). Steers were treated with Excede (ceftiofur crystalline free acid; Zoetis, Florham Park, NJ) on arrival, vaccinated against viral and clostridial infections (BoviShield Gold 5 and Ultrabac 7; Zoetis), and poured with Cydectin (moxidec tin; Boehringer Ingelheim Vetmedica, Inc., St. Joseph, MO) to control internal and external parasites. All steers were implanted with Revalor IS (Merck Animal Health, Summit, NJ). The steers were housed in earthen lots (40-50 steers/lot) with ad libitum water access and shel ter access and were fed once daily in GrowSafe bunks (≤10 steers/bunk) using a truck-mounted mixer to blend feed ingredients. Following a 21d receiving phase, steers were weighed prior to feeding on 2 consecutive days to establish an initial BW and steers were stratified by weight across 1 of 2 growing phase diets. Growing phase diets (Table 1) were primarily wholeshell corn based (G-Corn; 88 steers) or rye baleage and soybean hull based (G-Rough; 93 steers). Total mixed ration (TmR) samples were collected weekly, dried at 55°C, and ground to 2 mm for mineral analysis. Intermediate 
Finishing Phase
Based on growing phase RFI, the 12 least feed ef ficient (lFe; Table 2 ) and 12 most feed efficient (HFe) feed efficient steers from each growing phase diet were selected (n = 48 total, 24/growing phase diet; 467 kg [SD 51]) for determination of growing and finishing phase antioxidant capacity and oxidative stress mark er measurements. At ISU, steers were housed in pens (6 steers/pen) with concrete flooring, GrowSafe feed bunks (1 bunk/pen), and a partial roof. The 48 steers were blocked to finishing phase pens by growing phase diet and FE phenotype (LFE and HFE). Because RFI is independent of BW and was the primary focus of the investigation, BW was not considered when pens were assigned. Three days after arrival at ISU, liver and jugu lar blood samples were collected 2 h after feeding on the 48 steers to determine growing phase trace mineral status and to evaluate antioxidant activity and oxidative stress markers. Liver biopsy samples were collected using methods described by Engle and Spears (2000) , transported to the laboratory on ice, and dried at 70°C in a forcedair oven until consistent weights were reached. Steers were initially fed receiving diets (Table 3) nutri tionally similar to their respective growing phase diets for 15 d and were then transitioned over 18 d to finishing diets (Table 4) that were primarily dried distillers' grains and soybean hull based or cracked corn based (24 steers/ finishing diet, 12 steers per growing diet × finishing diet, and 6 steers per growing diet × finishing diet × FE clas sification). The TMR samples were collected weekly, dried at 70°C, and ground to 2 mm for mineral analy sis. At the beginning of the finishing phase, steers were weighed prior to feeding on 2 consecutive days to deter mine finishing phase initial BW. On d 28 of the finish ing phase, steers were implanted with Component TES (Elanco Animal Health, Greenfield, IN). Steers were fed finishing diets until an estimated average 1.27 cm back fat depth was reached, receiving Optaflexx (200 mg·steer −1 ·d −1 , ractopamine hydrochloride; Elanco Animal Health) for the final 28 d of the finishing test period prior to harvest; the total finishing phase was 97 1 Steers identified as most and least feed efficient within total growing phase diet groups: 88 steers for GCorn and 93 steers for GRough.
2 GCorn = wholeshell corn based; GRough = rye baleage and soybean hull based.
3 LFE = least feed efficient; HFE = most feed efficient.
4 RFI = residual feed intake.
5 Average SD from the RFI mean of all steers fed within each growing phase diet.
6 Standard deviation for feed efficiency classification within growing phase diet. d. Jugular blood was also collected prior to feeding on d 97 to evaluate finishing phase antioxidant activity and oxidative stress markers (Table 5) . Intermediate weights were measured every 28 d during the finishing phase and steers were weighed prior to feeding for 2 consecutive days at the conclusion of the finishing phase. All diets were formulated to meet or exceed NRC recommenda tions for growing cattle (NRC, 2000) .
Sample Analysis
Total mixed ration samples were analyzed for CP via combustion (method 990.03; AOAC, 1990; LECO TruMac; LECO Corporation, St. Joseph, MI) and for NDF (α-amylase included; Van Soest et al., 1991) and ADF (Goering and Van Soest, 1970 ) content using an ANKOM200 Fiber Analyzer (ANKOM Technology, Macedon, NY). Dried and ground TMR samples were digested (MARSXpress; CEM Corporation, Matthews, NC) in trace metal-grade nitric acid and were prepared and analyzed for Cu, Mn, and Zn con tent using methods described by Richter et al. (2012) . Total mixed ration Se content was calculated from NRC (2000) ingredient and supplement Se concen trations. Liver samples collected from steers 3 d af ter arrival at ISU were digested (MARSXpress) in trace metal-grade nitric acid and prepared for min eral analysis using methods described by Richter et al. (2012) . Aciddigested liver samples were analyzed at the ISU Veterinary Diagnostic Laboratory (Ames, IA) by technicians masked to treatments using inductive ly coupled plasma mass spectroscopy (PerkinElmer, Waltham, MA). Jugular blood from each steer was collected into 10mL potassium EDTAtreated vacu um tubes (Becton, Dickinson and Co., Franklin Lakes, NJ) and 10mL heparinized vacuum tubes (Becton, Dickenson and Co). Blood tubes were transported on ice back to the laboratory and centrifuged at 1,000 × g for 10 min at 4°C. Plasma from the potassium EDTA treated tubes was removed and stored at −80°C un til MDA (μM) determination using a commercially available thiobarbituric acid reactive substances kit (item number 10009055; Cayman Chemical Co., Ann Arbor, MI). Plasma from the potassium EDTAtreated tubes was also used for ascorbate (μM) analysis using a commercially available kit (item number 700420; Cayman Chemical Co.) after preparation and storage using methods described by Pogge and Hansen (2013) .
After removal of plasma, packed red blood cells in the potassium EDTAtreated tubes were prepared using methods described by Pogge et al. (2012) and frozen at −80°C until analysis for total SOD, Mn-dependent SOD (mnSOD), CuZndependent SOD (CuZnSOD), and GPX activities. Total SOD activity was determined us ing a commercially available kit (item number 706002; Cayman Chemical Co.), as was MnSOD by inhibiting CuZnSOD using 3 mM potassium cyanide; CuZnSOD was subsequently determined by subtracting MnSOD activity from total SOD activity. A unit of SOD activity was defined as the amount of the enzyme required to dismutate 50% of the superoxide radical and the activ ity was expressed per gram of hemoglobin (1,000 units of SOD activity/g hemoglobin). Glutathione peroxidase activity was determined using a commercially available kit (item number 703102; Cayman Chemical Co.), ex pressed per gram of hemoglobin, and defined such that a unit of GPX activity was that required to oxidize 1.0 nmol of reduced nicotinamide adenine dinucleotide phosphate to the oxidized form per minute at 25°C (mmol·min −1 ·g hemoglobin −1 ). Hemoglobin concen tration of the red blood cell lysate was determined using methods described by Hansen et al. (2010) and a he moglobin standard (Pointe Scientific, Inc., Canton, MI).
Plasma from the heparinized tubes was collected and frozen at −80°C until preparation and analysis for pro tein carbonyls using a commercially available kit (item 
Statistical Analysis
Data were analyzed using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC). For growing phase antioxidant activities, oxidative stress markers, and liver trace mineral concentrations determined shortly after arrival at ISU, growing phase diet, growing phase FE classification (HFE and LFE), and the interaction were included in the model as fixed effects. For antioxidant ac tivities and oxidative stress markers measured in blood collected at the conclusion of the finishing phase (d 97), growing phase diet, growing phase FE classification (HFE and LFE), finishing phase diet, and all interactions were included in the model as fixed effects. Interactions were removed from the model if the Pvalue exceeded 0.20. No 3-way interactions were found to be significant during the finishing phase. Assay plate was applied as a random effect for the oxidative marker and antioxidant activity analyses. Steer was the experimental unit (24 steers/growing phase diet, 12 steers/growing phase diet × FE classification, and 6 steers/growing phase diet × FE classification × finishing phase diet). Significance was declared when P ≤ 0.05 and tendencies were declared when 0.06 ≤ P ≤ 0.10. Means were separated using the pdiff command in SAS and data reported are least squares means and SE of the means generated using the lsmeans command in SAS.
ReSUlTS
Growing Phase
Evaluating growing phase antioxidant activities in red blood cell lysate, CuZnSOD activity was unaltered (P ≥ 0.14; Table 6 ) by growing phase diet, FE classifica tion, or the interaction. However, there was an interaction (P = 0.01) between growing phase diet and FE classi fication for total SOD activity, driven by differences in Least squares means in a row without common superscript differ (P < 0.05).
1 Blood samples were collected 3 d after conclusion of growing phase and transit to finishing phase facilities. 2 GCorn = wholeshell corn based; GRough = rye baleage and soybean hull based.
3 LFE = least feed efficient; HFE = most feed efficient. 4 Diet represents the main effect of growing phase diet; FE represents the main effect of growing phase FE classification; Diet × FE represents the interac tion effect of growing phase diet and FE classification.
5 Ratio of oxidized:reduced glutathione.
6 Reported as nanomoles per milligram protein.
7 Reported as micromolar.
MnSOD activity where roughagegrown LFE steers had greater (P ≤ 0.05) MnSOD and total SOD compared with roughagegrown HFE and corngrown LFE steers and corngrown HFE steers were intermediate. There was also an interaction (P = 0.002) in which roughagegrown LFE steers had greater (P ≤ 0.04) growing phase GPX activity than the other growing phase diet × FE classi fication combinations. In plasma, concentration of the antioxidant ascorbate was unchanged (P ≥ 0.4) due to growing phase diet, FE classification, or the interaction. Based on liver samples collected at the end of the growing phase, there was no effect (P ≥ 0.3; Table 7 ) of the growing phase diet × FE classification on concen trations of any measured trace mineral. Liver Cu and Se concentrations were greater (P ≤ 0.05) in rough agegrown steers than in corngrown steers. However, liver Fe, Mn, and Zn concentrations were unaffected (P ≥ 0.5) by growing phase diet. Feed efficiency clas sification affected liver Fe and Se concentrations, as both minerals were greater (P ≤ 0.04) in LFE steers than in HFE steers. Manganese tended to be greater (P = 0.08) in LFE steers than in HFE steers but there was no difference (P ≥ 0.6) in liver Cu or Zn concen trations due to growing phase FE classification.
Finishing Phase
At the conclusion of the finishing phase, there were no interactions (P ≥ 0.11) between growing phase diet × finishing phase diet, growing phase FE classification × finishing phase diet, or growing phase diet × growing phase FE classification × finishing phase diet on any measured oxidative stress markers or antioxidant activi ties. There was also no effect (P ≥ 0.3; Table 8 ) of grow ing phase diet or FE classification on any oxidative stress markers measured in red blood cell lysate or plasma. Finishing phase tGSH and GSH concentrations in red blood cell lysate were unaffected (P ≥ 0.6) by the grow ing phase diet × FE classification interaction. However, there was an interaction (P = 0.04) in which HFE steers tended to have greater (P = 0.07) GSSG concentrations than LFE steers in the roughagegrown group, but there were no differences (P = 0.13) due to FE classification within the corngrown group. There tended to be an in teraction between growing phase diet and FE classifica tion (P = 0.07) on the GSSG:GSH ratios, as the HFE steers had numerically greater ratios than LFE steers among the roughagegrown steers whereas LFE steers had numerically greater ratios than HFE steers within the corngrown group. Similar to the growing phase measures, there was no growing phase diet × FE clas sification interaction (P ≥ 0.6) on plasma protein car bonyl or MDA concentrations at the conclusion of the finishing phase. Finishing phase diet had no effect (P ≥ 0.3; Table 9 ) on any finishing phase glutathione or MDA measures; however, byproduct-finished steers had great er (P = 0.001) finishing phase plasma protein carbonyl concentrations than corn-finished steers.
Finishing phase red blood cell lysate SOD, GPX, and plasma ascorbate activities were unaffected (P ≥ 0.2) a,b Least squares means in a row without common superscript differ (P < 0.05).
1 Blood samples were collected 3 d after conclusion of growing phase and transit to finishing phase facilities.
2 GCorn = wholeshell corn based; GRough = rye baleage and soybean hull based. 3 LFE = least feed efficient; HFE = most feed efficient.
by finishing phase diet or any finishing phase diet inter action. Total SOD activity in red blood cell lysate dur ing the finishing phase tended to be greater in roughagegrown steers compared with corngrown steers (P = 0.06; Table 10 ) but was unaltered (P = 0.6) by growing phase FE classification or the growing phase diet × FE classifi cation interaction. Manganese SOD activity did not differ (P ≥ 0.2) due to growing phase diet, FE classification, or the interaction. Although CuZnSOD activity was unaf fected (P ≥ 0.14) by growing phase diet or the growing phase diet × FE classification interaction, there was a FE classification effect in which LFE steers tended to have greater (P = 0.06) CuZnSOD activity than HFE steers. Finishing phase GPX activity in red blood cell lysate was impacted (P = 0.02) by a growing phase diet × FE clas sification interaction in which the roughage-grown LFE steers had greater (P ≤ 0.04) GPX activity than the corngrown LFE steers and the roughagegrown HFE steers; the corngrown HFE steers were intermediate and did not differ (P ≥ 0.2) from the other groups. At the conclu sion of the finishing phase, plasma ascorbate concentra tion was not affected (P ≥ 0.4) by growing phase diet, FE classification, or the interaction.
DISCUSSION
Steers in the current investigation were genotyped as part of a larger FE study to evaluate the relationship between FE phenotype and genotype; live performance and carcass traits for the current steers are evaluated and discussed elsewhere (Russell, 2015) . As a result of the larger study (Russell, 2015) , tissue collection be yond plasma and liver prior to harvest was not feasible. Protein oxidation in a system can be used as an indica tor of oxidative stress and can be determined by measur ing protein carbonyls that are relatively stable and easily detected (DalleDonne et al., 2003) . Likewise, a greater GSSG:GSH ratio indicates a greater degree of oxida tive stress (OjanoDirain et al., 2005) . The main effects of growing phase diet and FE classification on protein oxidation and GSSG:GSH ratio appear largely driven by the highly efficient roughage-grown steers, indicat ing greater measurable oxidative stress in these steers at the conclusion of the growing phase. Conversely, greater protein carbonyl concentrations have been consistently reported in lowly efficient versus highly efficient indi viduals in postharvest muscle in steers (Sandelin et al., 2005) as well as in muscle (Iqbal et al., 2004) , liver , and duodenal tissue (OjanoDirain et al., 2007) from broilers. Measuring plasma versus muscle or organ protein carbonyl concentrations may be a source of variation but previous plasma protein carbonyl compari sons in FEphenotyped livestock are limited.
Also dissimilar to the current findings, OjanoDirain et al. (2005) reported an increase in duodenal mucosa GSSG:GSH ratio in the least efficient broil ers compared with the most efficient broilers (0.093 vs. 0.070 GSSG:GSH ratio [SE 0.008]) selected from an original group of 100. Comparing results between spe cies may be especially difficult as the poultry FE in vestigations (Iqbal et al., 2004 OjanoDirain et al., , 2007 used broilers divergently bred for FE over multiple generations versus steers identified as FE extremes among a tested population, as was the current study design. Because GSSG:GSH ratio values exceed ing 0.1 are indicative of oxidative stress (Ithayaraja, 2011) , it appears all steers in the current study were suffering from some degree of oxidative stress, regard less of FE phenotype. The increased protein carbonyl and GSSG:GSH ratio in the highly efficient roughagegrown steers may be indicative of a greater tolerance for oxidative stress compared with the lowly efficient steers. The regeneration of GSH from GSSG is accom plished by glutathione reductase and is an energyde pendent process (Nordberg and Arner, 2001) . Therefore, decreased GSH regeneration may explain the increased GSSG:GSH ratio in the highly efficient roughagegrown steers and would contribute to the improved 1 Liver samples were collected 3 d after conclusion of growing phase and transit to finishing phase facilities.
4 Diet represents the main effect of growing phase diet; FE represents the main effect of growing phase FE classification. Growing phase diet × FE clas sification effect was not significant (P ≥ 0.3).
energetic efficiency in the highly efficient phenotype. Decreased GSH in the highly efficient roughage-grown steers would result in decreased antioxidant capac ity and, thus, a greater possibility of protein oxidation, leading to increased protein carbonyl concentrations. Future work evaluating GSH, GSSG, and glutathione reductase activity may help determine the cause of GSSG:GSH ratio differences between individuals.
Considering the role of antioxidants to neutralize ROS and delay or inhibit oxidation (Sies, 1997) , evalu ating antioxidant activity was important to more clear ly evaluate the relationship between FE and oxidative stress. Total SOD activity was increased in the lowly ef ficient roughage-grown steers due to increased MnSOD activity. Differences in antioxidant activity were likely not due to trace mineral status, as animals were adequate (Kincaid, 2000) and trace mineral dependent enzyme activities were not correlated with respective trace min eral concentrations (P ≥ 0.4; data not shown). However, trace mineral-dependent antioxidant enzyme activity may have been affected if steers had been deficient. In addition to greater growing phase red blood cell lysate MnSOD and GPX activity, the less efficient roughagegrown steers had numerically greater plasma MDA con centrations, an indicator of lipid peroxidation and an oxi dative stress marker. These results indicate an increased oxidative stress load in the less efficient roughage-grown steers, especially as previous investigators have reported MnSOD activity to be induced in response to oxidative stress (Shull et al., 1991) . Because MDA acts in a tox ic manner, causing further oxidative damage (Marnett, 1999) , increased MDA concentrations are of greater concern than increased protein carbonyl concentrations. Growing phase plasma ascorbate concentrations did not differ due to diet or FE classification, although the range of values (4.51 to 5.32 mg ascorbate/L) met or exceeded the expected range of plasma ascorbate concentrations reported in healthy beef cattle (2.4 to 4.7 mg ascorbate/L; Smith et al., 2009) . It is possible that the poorly efficient steers had a less graded response to oxidative stress, gen erating greater quantities of antioxidant enzymes in re sponse to stress generated by transit and receiving phase acclimation and potentially utilizing energy for the an tioxidant system, such as GSH regeneration (Nordberg and Arner, 2001) , rather than tissue accretion.
The relationships between growing phase FE clas sification, diet, and oxidative stress were further evalu ated at the conclusion of the finishing phase to deter mine whether antioxidant activity and oxidative stress markers were consistent in steers across feeding phases.
Effects of finishing phase diet or interactions with the finishing phase diet were limited. Steers finished with the byproductbased diet had greater plasma protein car bonyl concentrations. It is unlikely that increased plas ma protein carbonyl concentrations in the byproductfed steers are due to increased dietary protein (Petzke et al., x,y Least squares means in a row without common superscript tend to differ (P < 0.1).
1 Blood samples were collected at conclusion of finishing phase. 2 GCorn = wholeshell corn based; GRough = rye baleage and soybean hull based.
5 Effects of growing phase diet × finishing phase diet, growing phase FE classification × finishing phase diet, and growing phase diet × growing phase FE classification × finishing phase diet were not significant (P ≥ 0.11).
6 Ratio of oxidized:reduced glutathione.
7 Reported as nanomoles per milligram protein.
1999) but could be a result of increased oxidative stress due to greater dietary S in the byproduct diet (0.28% S, DM basis) versus the corn diet (0.17% S, DM basis). Although previous research showed no difference in ox idative stress markers in steers fed diets containing 0.22 versus 0.34% dietary S, increased oxidative stress was detected in steers fed diets containing 0.55% dietary S (Pogge and Hansen, 2013) . Further analysis of oxidative stress markers in cattle fed differing diets and nutrient concentrations may help explain the current finishing phase plasma protein carbonyl results. Consistent with the growing phase, the more efficient roughage-grown steers maintained a numerically greater GSSG:GSH ratio. Although GPX decreased substantially from the growing phase to the finishing phase across all groups, the increased GPX activity in the less efficient rough agegrown steers was also consistent between feeding phases. The GPX and GSSG have a nearly inverse re lationship in this study, a result that is unexpected be cause GPX converts GSH to GSSG to detoxify H 2 O 2 ; therefore, increased GPX and GSSG would be expected. However, the pattern is consistent between phases. As previously discussed, the LFE steers may have been less energetically efficient, in part, because of greater energydependent GSH regeneration (Nordberg and Arner, 2001) , thereby decreasing the GSSG:GSH ratio to a greater extent in those LFE steers. Further work is needed to evaluate the glutathione system in beef cattle, especially during different growth phases. Both MnSOD and GPX activities decreased in all groups from the growing phase to the finishing phase. A positive correlation between GPX activity and whole blood Se concentrations has been previously reported in ruminants (Anderson et al., 1978) , but Masters et al. (1988) found limited correlations between dietary Mn concentrations and MnSOD activity in rams. Although finishing phase tissue mineral concentrations were not analyzed in the current study, finishing phase diets ex ceeded NRC (2000) recommendations for Se and Mn content, making finishing phase deficiencies unlikely. It is unclear whether decreases in MnSOD and GPX activ ity from the growing phase to the finishing phase were a consequence of aging, as Cand and Verdetti (1989) reported decreased total SOD and GPX activity in liver and kidney of rats due to age. Conversely, LammiKeefe et al. (1984) reported greater MnSOD activity in adult versus young rats and Zhang et al. (1989) reported in creased GPX activity in rats due to age as well. Based on the previous discussion regarding increased MnSOD expression induced by increased oxidative stress (Shull et al., 1991) , it is conceivable that blood samples collect ed shortly after arrival at ISU reflect the effect of stress from transit, diet changes, and repenning on antioxidant expression and activity. Transit stress has been reported to increase oxidative stress markers in steers (Chirase et al., 2004) and oxidative stress has been shown to cause an SOD upregulation (Huang et al., 2015) , a concept that also helps explain greater growing phase MnSOD activ ity in the current study compared with previously report ed MnSOD activity values in feedlot steers (Genther and Hansen, 2014) . It is unclear why finishing phase MnSOD activity in the current study was markedly lesser than values reported by Genther and Hansen (2014) . Plasma ascorbate also decreased from the growing to the finish ing phase, an observation previously documented in fat tening cattle (Matsui, 2012) . Interestingly, the decreas es in plasma ascorbate in the current study were more dramatic than decreasing concentrations previously ob served in steers fed finishing phase diets containing 0.22 or 0.34% S (Pogge and Hansen, 2013) .
Increased DMI among the less efficient steers was likely responsible for the greater growing phase liver Fe, Se, and tendency for greater liver Mn concentrations compared with the more efficient steers, although Cu and Zn concentrations were only numerically greater in the less efficient steers. Despite greater Zn, Cu, and Mn concentrations in the GRough diets, only liver Cu was greater in the GRough steers. Interestingly, despite greater calculated Se concentration in the GCorn diet, the GRough steers had greater liver Se, although ingre dient variation may not be reflected in the diet Se cal culation. The primary focus of the current experiment was an exploration of antioxidant activity and oxidative stress as contributors to biological variation in growing phase FE. However, finishing phase liver mineral anal ysis would have been beneficial not only for evaluating 1 Blood samples were collected at conclusion of finishing phase.
2 FCorn = cracked corn based; FByp = dried distillers' grains and soy bean hull based.
3 Effects of growing phase diet × finishing phase diet, growing phase FE classification × finishing phase diet, and growing phase diet × growing phase FE classification × finishing phase diet were not significant (P ≥ 0.11).
4 Ratio of oxidized:reduced glutathione.
correlations with mineral-dependent finishing phase antioxidant activities but also to evaluate trace mineral status from the growing to the finishing phase.
Implications
Observations in the current study were largely driv en by differences among the roughagegrown steers. In that group, it appears that steers with greater FE may have a greater tolerance for oxidative stress than less efficient steers, as evidenced by the increased growing phase GSSG:GSH ratio and protein carbonyl concen trations. Based on the respective GSSG:GSH ratios, all groups were experiencing oxidative stress, yet the less efficient roughage-grown steers generated the most anti oxidant activity, which was possibly a greater reaction to oxidative stress than the more efficient steers. Increased antioxidant activities, namely MnSOD and GPX, were consistently detected among less efficient steers grown on the roughagebased diet, yet differences in corn grown steers were not detected. Because conventional beef systems typically use roughagebased diets for the backgrounding or growing phases, further evaluation of the relationship between FE, oxidative stress, and antiox idant activity may be especially important for identifying opportunities for FE improvement in the growing phase. Liver mineral concentrations were adequate and not cor related with the mineraldependent antioxidants, indicat ing that differences in antioxidant activity were not the result of mineral nutrition in the present study. As steers in the current study were purchased from sale barns and were of unknown origin, future investigations into anti oxidant activity and oxidative stress markers may be ben eficial using steers of similar genetic background identi fied by FE phenotype. Additional measurements before and after transit would be beneficial for determining transit stress effects on antioxidants and oxidative stress markers and to isolate the independent impact of grow ing phase FE phenotype on growing phase antioxidant and oxidative stress markers. Where feasible, evaluat ing these measurements using the same tissues/assays as previous investigations will help improve comparisons to further build on earlier research. a,b Least squares means in a row without common superscript differ (P < 0.05).
1 Blood samples were collected at conclusion of finishing phase.
